INTRODUCTION
The APR+ (Advanced Power Reactor Plus) is a Gen-III+ reactor, the standard design of which is currently being developed in Korea [1] . This reactor adopts new design features which are expected to improve nuclear safety and economic competitiveness. Whereas most conventional nuclear power plants (NPPs) have adopted an active concept of safety-related systems, the APR+ adopts passive systems for effective use of ECC (emergency core cooling) water and feedwater delivery to the secondary side of a steam generator (SG). The application of the passive safety systems can be considered a desirable method of achieving simplification, and increasing the reliability of the performance of safety functions in the new nuclear power plant design [2] . PAFS (Passive Auxiliary Feedwater System) is one of the advanced passive safety systems adopted in the APR+, which is intended to completely replace the conventional active auxiliary feedwater system [3] . PAFS cools down the steam generator's secondary side, and eventually removes the decay heat from the reactor core by introducing a natural driving force mechanism; i.e., condensing steam in nearly-horizontal U-tubes submerged inside the passive condensation cooling tank (PCCT). In order to satisfy the single failure criterion, PAFS is composed of two independent trains, and a single train of PAFS is designed to be capable of removing all of the decay heat from the reactor core during the anticipated accident transients.
In general, the use of passive systems has the advantages of reducing the costs associated with the installation, maintenance, and operation, and increasing the reliability of intended functions by eliminating the multiple pumps and valves. Careful design and precise validation on their performance, however, should be assured, due to the inherent weak driving forces of passive systems compared to active systems.
With an aim of validating the cooling and operational performance of the PAFS, an experimental program is in progress at KAERI (Korea Atomic Energy Research
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KEYWORDS : APR+, PAFS, PASCAL, Integral Effect Test, ATLAS, Condensation Heat Transfer, Natural Convection Institute), which is composed of two kinds of tests; the separate effect test and the integral effect test. The separate effect test, PASCAL (PAFS Condensing Heat Removal Assessment Loop), is in progress to experimentally investigate the condensation heat transfer and natural convection phenomena in PAFS. The integral effect test is being performed to confirm the operational performance of the PAFS coupled with the other reactor coolant systems (RCS) using the thermal-hydraulic integral effect test facility, ATLAS (Advanced Thermal-hydraulic test Loop for Accident Simulation) [4] . This paper summarizes the up-to-date experimental results of the separate effect test and the integral effect test for PAFS from a cooling and operational performance point of view.
DESIGN FEATURES OF APR+ PAFS
PAFS is composed of a steam-supply line, a passive condensation heat exchanger (PCHX), a return-line, and a passive condensate cooling tank (PCCT), as shown in Fig. 1 . PAFS plays an essential role in removing the decay heat from the reactor core in a passive manner: i.e. condensation, boiling, and natural circulation flow. When the water level in the SG becomes lower than 25% of the wide range of the water level during an accident situation, the actuation valve at the return-water line is opened and the natural convection flow of PAFS occurs. It cools down the secondary system of the SG by heat transfer at the PCHX installed in the PCCT. The steam generated from the SG in the high pressure condition is condensed in the PCHX tube. The absolute pressure at the top of the PCCT is maintained at an atmospheric pressure, so that the natural convection flow accompanying boiling heat transfer at the outside wall of the PCHX tubes occurs in the PCCT pool side. Since the PCHX and the PCCT are located at a higher elevation than the SG, condensate water can be returned back to the SG by gravity. Fig. 2 shows a design of a PCHX bundle in PAFS. During the initial period of PAFS development, KAERI played a proactive role in designing the PCHX, whose preferential design requirements are to prevent an occurrence of a water-hammer phenomenon in the PCHX, and to assure the cooling capacity during the anticipated accident transients. The inclination angle of the horizontal region is 3o, to prevent an occurrence of a water-hammer phenomenon in the PCHX. For the same reason, the dimensions of the PCHX were determined to limit a flow regime inside, by annular mist or horizontal stratified flow, and also to maintain a thermodynamic equilibrium quality of less than 0.0 at the outlet of the PCHX. In order to fulfill the heat removal requirement during the PAFS actuation, one bundle of the PCHX has 60 tubes in three rows, and the average length of the tubes is about 8.4 m. The PCCT contains 4 bundles (240 tubes in total), where the bundles are placed in two rows on the bottom of the PCCT. The normal water level in the PCCT is 8.9 m, so that it can remove the decay heat from the reactor core during 8 hours of hot shutdown by the evaporative heat transfer, as shown in Fig. 3 . 
SEPARATE EFFECT TEST PROGRAM

Overview of the Separate Effect Test
Fulfillment of the heat removal requirement via PAFS was experimentally validated in the separate effect test, PASCAL. By performing the PASCAL test, the major thermal-hydraulic parameters, such as local/overall heat transfer coefficients, fluid temperature inside the tube, wall temperature of the tube, and pool temperature distribution in the PCCT, were produced not only to evaluate the current condensation heat transfer model, but also to present a database for the safety analysis related with PAFS. The PASCAL test is composed of 5 kinds of test items: Quasisteady state heat transfer test (SS), PCCT level variation test (PL), inadvertent MSSV opening test (TR), PAFS actuation test (SU), and non-condensable gas effect test (NC). The SS and PL tests were completed, and the cooling and operational performance of PAFS is discussed based on the experimental findings of the SS and PL tests in this paper. The effect of non-condensable gas and the start-up transient of PAFS will be investigated in the frame of the PASCAL test from the middle of 2012.
The PASCAL facility was designed according to a volumetric scaling methodology [5] . The methodology can conserve the elevation change between a heat source and a heat sink in a natural convection loop under the same pressure and temperature conditions. The PASCAL facility simulates a single tube among 240 tubes in the prototype, that is, the volumetric scaling ratio of the facility is 1/240. The volume of the PCCT pool was also reduced to 1/240 of the prototype. In order to preserve natural convection flow in the PCCT, the height of the water pool was determined to be the same as that of the prototype. The length of the PCCT was designed to be 6.7 m, which is a half of that of the prototype, since the bundles are placed in two rows. Therefore, the width of the PCCT is 0.112 m, which is equivalent to 1/120 of that of the prototype. Major design parameters and scaling parameters are compared with the prototype in Table 1 . distance between the mixture level in the steam generator and the PCHX tube was maintained to be equivalent to that of the prototype. The steam generator is connected to the PCHX tube with a steam-supply line and a condensatereturn line.
In the PASCAL test, major measuring parameters are the flow rate of the steam and condensate liquid, the loop temperature and pressure, the wall temperature of the PCHX, and the differential pressure on the steam-supply line and return-water line. Also, the collapsed water level and liquid temperature were measured in the PCCT pool. In order to study the local distribution of the heat flux and heat transfer coefficients of the PCHX, the surface temperatures at the inside and outside wall were measured at eleven points along the tube as shown in Fig. 5 . At each point, the fluid temperature profile in a vertical direction was measured, so that the distribution of condensate liquid flow inside tube could be inferred.
Experimental Conditions and Procedure of the Separate Effect Test
During an actuation of PAFS, the pool water in the PCCT plays a role as the ultimate heat sink of decay heat. Evaporation by the heat transfer from the PCHX makes a decrease of the water level in the PCCT. In this study, with the given thermal power in the steam generator, a heat removal rate in the PCHX was measured, and the characteristics of the natural convection in the loop were investigated. Also the effect of the PCCT water level on the cooling performance of PAFS was experimentally investigated.
Five test cases of quasi-steady state heat transfer and PCCT water level decreasing were completed by varying the thermal power of electrical heaters in the steam generator from 300 kW to 750 kW. In each test case, a quasisteady state condition of the system was simulated by the SS test, and the PL test was subsequently performed with an aim of investigating the thermal-hydraulic behavior during the decrease of the water level in the PCCT. Since it is required for a single train of PAFS to remove 129.8 MW as a maximum heat removal rate during the accident transients of the APR+, the reference test condition was determined according to the scaling ratio of the facility as listed in Table 1 . As for the required heat removal rate, the PCHX of PASCAL should have a capability of removing thermal energy of 540 kW as a scale-downed reference. Therefore, in the reference test, named as SS/PL-540-P1, 540 kW of thermal power was supplied in the steam generator heater as a rated power. The water in the PCCT was maintained in the saturated state at an atmospheric pressure. When the pressure, temperature, and flow rate reached a steady state at the constant thermal power condition, the heat removal rate and the natural convection flow were measured.
Experimental Results of the Separate Effect Test
In the PASCAL test, the heat removal rates in the PCHX can be classified as listed in Table 2 , which includes the summation of the surface heat transfer rate of the PCHX (HR_Tube), and the enthalpy decrease between the inlet and the outlet of the PCHX (HR_SS and HR_RW, respectively). Among the various definitions of the heat removal rates, the rate in the PCHX tube (HR_Tube) is the most reliable value in the PASCAL test. Fig. 6 compares the heat removal rates of the continuous thermal power in the SS/PL-540-P1 test. As shown in Fig. 6 , the amount of heat transfer in the PCHX increased until the data acquisition time of 13200 seconds, according to the increase of the supplied thermal power in the SG. During the quasisteady state condition (from time of 13200 to 13300 seconds), the heat removal rate in the PCHX tube (HR_Tube) was equivalent to the supplied power (HR_SG). After the quasi-steady state, the heat removal rates increased, due to an increase of boiling heat transfer in the PCCT pool side, which was attributed to the lower saturation temperature induced by the lower static head. The pressure, the temperature, and the natural convection flow rate of the steam generator system decreased as presented in Fig. 7 . Fig. 8 shows a variation of the PCCT water level in the SS/PL-540-P1 test. By a boiling heat transfer from the PCHX tube, the collapsed water level of the PCCT continuously decreased. The lower water level in the PCCT induces lower pressure and a lower saturation temperature of the pool water around the PCHX tube, so that a decrease of the PCCT water level results in a larger amount of the nucleate boiling on the tube surface. It made a boiling heat transfer coefficient at the outer wall of the tube increase, as shown in Fig. 9 , while the condensation heat transfer Fig. 10 . Therefore, the increased heat removal from the PCHX, according to the decrease of the PCCT water level, resulted in a decrease of the system pressure and temperature as shown in Fig. 7 . When the PCCT water level was high, the bubbles were condensed after departing from nucleation sites on the tube surface and a significant void was not observed through the windows on the PCCT side wall. As the water level in the PCCT was reduced by evaporation, the degree of subcooling of pool water around the tube became smaller, due to the decrease of static pressure. As the water level in the PCCT became lower, more bubbles, with a larger size, could be observed through the windows around the PCHX tube, as shown in Fig. 11 . As the steam flowed toward the outlet, the heat flux decreased, due to the lower wall temperature, which was induced by the subcooled liquid flow. Since the top part of the tube was filled with the steam flow and the condensate liquid flowed in the bottom region inside the tube, the condensation heat transfer coefficient at the top region of the inner wall was larger than that of the bottom region, as shown in Fig. 12 . The phase distribution inside the PCHX can be confirmed from the fluid temperature contour plotted in Fig. 13 . According to the distribution of the fluid temperature inside the PCHX, it was found that a stratified flow appeared along the whole length of the tube. This is in good agreement with the criterion for preventing a condensation-induced water hammer phenomenon inside the tube.
The temperature distribution in the PCCT pool was depicted in Fig. 14 Fig. 15 shows the steam pressure at the quasi-steady state condition, according to a variation of the thermal power in the SG. Since the maximum pressure was near 6.7 MPa in the case of the 750 kW applied test, it was concluded that the PASCAL facility could cover a whole operating region of PAFS. Also, it was experimentally proved that the present design of PAFS has an adequate thermal margin.
INTEGRAL EFFECT TEST PROGRAM
Overview of the Integral Effect Test
The main objective of the ATLAS-PAFS integral effect test is to investigate the thermal hydraulic behavior in the primary and secondary systems of the APR+ during a transient when PAFS is actuated. Since the ATLAS-PAFS facility simulates a single train of PAFS, the anticipated accident scenarios in the experiment include FLB (Feedwater Line Break), MSLB (Main Steam Line Break), and SGTR (Steam Generator Tube Rupture). Among them, an FLB was considered as the most important accident in evaluating the cooling capability of PAFS, during the development of PIRT (Phenomena Identification and Ranking Table) [6] . Therefore, the test for simulating an FLB was determined to be the first integral effect test item in the frame of the ATLAS-PAFS experimental program.
ATLAS is a thermal-hydraulic integral effect test facility whose reference plant is the APR1400 (Advanced Power Reactor 1400 MWe). ATLAS is designed according to the well-known scaling method suggested by Ishii and Kataoka [7] to simulate various test scenarios as realistically as possible. Since the APR+ has a similar geometry and loop configuration compared to the APR1400, the ATLAS facility can be appropriately utilized to simulate the FLB transient in the APR+. ATLAS is a half-height and 1/330-volume scaled test facility with respect to the APR+. A realistic, 3-dimensional view of ATLAS is shown in Fig. 16 .
In order to allow for a simulation of high-pressure scenarios, the loop is designed to operate up to 18.7 MPa. A detailed ATLAS design and description of the ATLAS development program can be found in the literature [8] .
As the first integral effect test for PAFS, the PAFS-FLB-EC-01 test was performed to simulate an FLB on the pipe connected to the steam generator #1 (SG-1) economizer with an equivalent break size of 0.3 ft 2 , which was analyzed as the most severe case in the APR+ SSAR (Standard Safety Analysis Report) [9] . Since the break nozzle is placed on the feedwater line of the SG-1, PAFS was connected to the SG-2 of ATLAS. PAFS was composed of the PCHX, the PCCT, the steam-supply line, and the return-water line as shown in Fig. 17 . Fig. 18 shows a schematic diagram and a photograph of the PCHX in the ATLAS-PAFS. Contrary to the use of a single tube in the PASCAL test, the PCHX in the ATLAS-PAFS has three tubes whose dimension was determined to conserve the heat transfer rate at the surface according to the scaling methodology. A reduced diameter of the tube enabled the heat removal rate to be conserved in the facility. The tubes have the same material and thickness as the prototype, in order to preserve the heat flux and the wall temperature. Major design parameters of the PCHX are summarized in Table 3 . In a manner similar to the PASCAL test, the wall temperature was measured at five points on the inner wall and outer wall along the tube length, to estimate the wall heat flux and the heat transfer coefficient. Also, a fluid temperature profile inside the PCHX was measured by installation of the thermocouples in a vertical direction in a similar way to the PASCAL test. The PCCT was designed as a rectangular pool as shown in Fig. 19 , which has a half-height scale and a reduced area, according to the global scaling ratio of ATLAS. The geometry of the PCCT is summarized in Table 4 .
As shown in Table 3 and Table 4 , there are some scaling distortions in the present ATLAS-PAFS facility compared to the ideal design. In this study, the effect of the scaling distortion in the facility was evaluated with a MARS code [10] for the PAFS-FLB-EC-01 test case. Despite some differences in the thermal hydraulic behaviors resulting from the scaling distortions, it could be confirmed from the MARS evaluation that the ATLAS-PAFS facility has the capability of reasonably simulating the transients during the PAFS actuation from an operational validation point of view. 
Experimental Result of the Integral Effect Test
The initial steady-state conditions and the sequence of event in the FLB scenario for the APR+ were successfully simulated with the ATLAS-PAFS facility. When the reactor was tripped, both the reactor coolant pump (RCP) and the turbine were stopped concurrently The main steam isolation valve (MSIV) of each steam generator was closed right on an actuation of a low steam generator pressure (LSGP) trip signal. The water level of the affected steam generator (SG-1) decreased rapidly to empty due to the break flow. Contrary to the SG-1, the water level of the intact steam generator (SG-2) decreased continuously and reached the set-point of the passive auxiliary feedwater actuation signal (PAFAS), 25% of the wide range (WR) water level. The PAFAS opened the PAFS actuation valve (FCV-PAFS2-RW-01 in Fig. 17 ) on the return-water line, and the heat removal by the natural convection of PAFS was initiated on the SG-2. As the primary system pressure decreased to the actuation set-point of the safety injection pump (SIP), the SIP water was supplied through two direct vessel injection (DVI) nozzles, i.e. DVI-1 and DVI-3. Table 5 shows the sequence of events observed in the present PAFS-FLB-EC-01 test.
Following the reactor trip induced by the LSGP signal, the coolant inventory of the secondary system of the intact steam generator was reduced by the repeated opening and closing of the MSSV as shown in Fig. 20 . The pressure and the temperature of the primary system continuously decreased during the heat removal by the PAFS operation as shown in Fig. 21 . The water in the PCCT was heated up to the saturation condition by the heat transfer from the PCHX tube surface. In the PAFS-FLB-EC-01 test, the major sequence of events was ended before the water level decrease in the PCCT. Fig. 22 shows a natural circulation flow measured at the return-water line during the PAFS actuation. When the PAFS actuation valve was open, the water in the return-water line and the PCHX drained to the SG-2 through the economizer nozzle, so that the mass flow rate measured by a flow meter at the return-water line showed a peak value of 0.775 kg/s at 1205 seconds, as shown in Fig. 22 , and the collapsed water level of the SG-2 increased to 3.1 m, as presented in Fig. 20 . After the drainage of the coolant in the returnwater line and the PCHX, the natural convection flow in the PAFS loop was stably formed without any instability until the end of the transient as shown in Fig. 22 . From the present experimental result, it could be concluded that the APR+ has the capability of coping with the hypothetical FLB scenario by adopting PAFS and the proper set-points of its operation.
UNCERTAINTY ANALYSIS
An uncertainty of the measured experimental data was analyzed in accordance with a 95% confidence level. According to the ASME performance test codes 19.1, the uncertainty interval of the present results was given by the root-mean-square of a bias contribution and a precision contribution [11] . The bias and precision errors were evaluated from the data acquisition hardware specifications and the calibration results performed once every year, respectively. Table 6 shows analyzed uncertainty levels of each group of instruments. 
CONCLUSION
Experimental programs have been launched with an aim of validating the cooling and operational performance of the APR+ PAFS. For an effective and comprehensive evaluation, the validation experiment is composed of two kinds of test: i.e. a separate effect test and an integral effect test. In the separate effect test, PASCAL, the heat removal rate of a single PCHX tube was quantified, and the natural convection phenomena in the loop were examined. The present separate effect test result proved that the current design of the PCHX satisfied the heat removal requirement of the APR+ PAFS for cooling down the reactor core during the anticipated accident transients. As the first integral effect test for PAFS, the PAFS-FLB-EC-01 test was performed to simulate a FLB on the pipe connected to the steam generator economizer with an equivalent break size of 0.3 ft2, which was analyzed as the most severe case in the APR+ SSAR. The initial steady-state conditions and the sequence of event in the FLB scenario for the APR+ were successfully simulated with the ATLAS-PAFS facility. As PAFS actuated, the natural convection flow in the PAFS loop was formed without any instability, and the collapsed water level in the intact steam generator was maintained steadily. The pressure and the temperature of the primary system continuously decreased during the heat removal by the PAFS operation. From the present experimental result, it could be concluded that the APR+ has the capability of coping with the hypothetical FLB scenario by adopting PAFS and the proper set-points of its operation.
The local thermal-hydraulic parameters measured in the PASCAL experiment will contribute to improve the model of the condensation and boiling heat transfer, and also to provide the benchmark data for validating the calculation performance of a thermal hydraulic system analysis code or a computational fluid dynamics (CFD) code with respect to PAFS. The integral effect test data will be used to evaluate the prediction capability of existing safety analysis codes of MARS, RELAP5, as well as the SPACE code, and to identify any code deficiency for an FLB simulation with an operation of PAFS.
